Myotrophin, a 12-kDa ankyrin repeat protein, stimulates protein synthesis and cardiomyocyte growth to initiate cardiac hypertrophy by activating the NF-B signaling cascade. We found that, after internalization into myocytes, myotrophin cotranslocates into the nucleus with p65 to stimulate myocyte growth. We used structure-based mutations on the hairpin loops of myotrophin to determine the effect of the loops on myotrophin and p65 localization, induction of protein synthesis, and cardiac hypertrophy. Loop mutants, most prominently glutamic acid 33 3 alanine (E33A), stimulated protein synthesis much less than wild type. Myotrophin-E33A internalized into myocytes but did not translocate into the nucleus and failed to promote nuclear translocation of p65. In addition, two cardiac hypertrophy marker genes, atrial natriuretic factor and ␤-myosin heavy chain, were not up-regulated in E33A-treated cells. Myotrophin-induced myocyte growth and initiation of hypertrophy thus require nuclear co-translocation of myotrophin and p65, in a manner that depends crucially on the myotrophin hairpin loops.
Myotrophin, a 12-kDa protein, is the smallest known ankyrin (ANK) 2 repeat protein (1) and contains four ANK repeats (2, 3) . Myotrophin, also known as V-1 protein, was identified in spontaneously hypertensive rat hearts, cardiomyopathic human hearts (4) , and neonatal rat cerebella (5) . Myotrophin expression is ubiquitous in mammalian tissues (6) . It is known to participate in the catecholamine synthesis signaling pathway (7) , in regulation of actin polymerization (8) , and in regulation of capping and uncapping by actin capping protein at the barbed ends of actin filaments (9) . Myotrophin plays an important role in stimulation of cardiac myocyte growth and cardiac hypertrophy (4, 10). Sil et al. (11) reported an increase in myotrophin levels in human cardiomyopathic heart compared with normal heart. Overexpression of myotrophin in transgenic mice initiates cardiac hypertrophy that progresses toward heart failure (12, 13) . Significantly, an increase in myotrophin level in blood plasma is observed after acute myocardial infarction (14) and in patients with heart failure (15) . These data have established myotrophin as an initiator of cardiac hypertrophy and eventual heart failure.
Myotrophin has been shown to interact with NF-B proteins (6, 16) , and myotrophin-induced myocyte growth appears to be mediated through activation of the NF-B pathway (10) , although the details of these interactions are poorly characterized. Knuefermann et al. (16) showed that myotrophin physically associates with p65 and prevents the reassociation of the p65-p50 heterodimer, resulting in activation of the NF-B pathway. Separate studies have established the involvement of NF-B signaling in cardiac hypertrophy and dilated cardiomyopathy (17) (18) (19) and the importance of NF-B activation in the pathogenesis of cardiac remodeling and heart failure (20 -22) . Recently, Gupta et al. (13) showed that progression of cardiac hypertrophy to heart failure is associated with elevated levels of NF-B activity in transgenic mice overexpressing myotrophin. However, the molecular mechanism of NF-B activation by myotrophin has not been determined.
To dissect the structural basis of myotrophin function, we previously determined the solution structure of myotrophin (2, 23) , which consists of four ANK repeats. ANK repeat motifs are often involved in protein-protein and protein-nucleic acid interactions (24, 25) . We reported that two full repeats (ANK1 and ANK2) of myotrophin contain hairpin-like loops protruding out from the core structural framework and are comparable with the crystal structure of another ANK-repeat protein, 53BP2, that complexes with p53 (26) . We hypothesized that the hairpin loops act as protein recognition sites in myotrophinmediated signaling (2) . Residues in these loops are highly variable among ANK repeat proteins. Specifically, the loops of myotrophin differ from those of 53BP2 and likely allow myotrophin and 53BP2 to recognize different proteins. Recently, it has also been reported that myotrophin binds directly to the actincapping protein through these two loops and inhibits the binding of actin-capping protein to the barbed ends of actin filaments, thus influencing actin assembly and cell motility (9) . We hypothesize that residues of these two hairpin loops are involved in the role of myotrophin in the stimulation of myocyte growth.
To characterize the mechanism of NF-B activation by myotrophin, we have investigated the cellular localization of myotrophin during myotrophin-driven NF-B activation to determine its status at the time of the hypertrophic phenomenon. We have also identified key determinants in the hairpin loops of myotrophin that regulate the stimulatory activity of myotrophin. These observations provide a better understanding of the intrinsic mechanism of myotrophin-induced myocyte growth.
EXPERIMENTAL PROCEDURES
Materials-Timed pregnant American Wistar Kyoto rats were obtained from Harlan, Inc. The rats were fed TEKLAD regular rat chow, given water ad libitum, and housed in Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) certified facilities. The experimental procedures for animals were performed following institutional guidelines. Media and other reagents for tissue culture were purchased either from Invitrogen or from Sigma-Aldrich. Collagenase type II was purchased from Worthington Biochemicals. Factor Xa, Escherichia coli TB1 host, and purified maltosebinding protein (MBP) were obtained from New England Biolabs, Inc. Reagents for cloning purposes were purchased from Roche Applied Science. PDTC and protease inhibitor mixture were purchased from CalBiochem. Mouse monoclonal anti-p65 antibody was from Santa Cruz Biotechnology, Inc., and Alexa 568 conjugated goat anti-mouse IgG was from Molecular Probes, Inc. Vectashield with DAPI was purchased from Vector Laboratories. All other chemicals were of molecular biology grade and were purchased from Sigma-Aldrich.
Expression and Purification of Recombinant Myotrophin Protein-The Rattus norvegicus (Norway rat) myotrophin open reading frame (NCBI GenBank
TM accession number U21661) was taken from a previously published construct (6) and cloned into the pMAL-c2X bacterial expression vector (New England Biolabs, Inc.). The MBP-myotrophin fusion was overexpressed in isopropylthio-␤-D-galactoside-induced (0.3 mM for 3 h at 30°C) E. coli TB1. MBP-myotrophin was purified using amylose resin in 20 mM Tris-HCl (pH 7.4), 200 mM NaCl. MBP was cleaved from myotrophin by Factor Xa (incubation for 16 h) and purified to homogeneity through a Sephadex G-50 column (Amersham Biosciences) in 20 mM Tris-HCl (pH 7.4), 100 mM NaCl. The entire purification process was performed at 4°C, and purity of recombinant protein was analyzed by SDS-PAGE.
Generation of Recombinant Myotrophin Mutants-Mutants were created by site-directed mutagenesis using a QuikChange II XL site-directed mutagenesis kit (Stratagene). The pMALc2X-myotrophin/pET3a-51-myotrophin (6) construct was used as the template for generating the mutants. Recombinant mutant proteins were overexpressed and purified as described above (except for NMR studies, which are described below).
NMR Spectroscopy-Untagged, full-length Myotrophin and Myotrophin-E33A cloned into the pET3a vector (6) were expressed in BL-21(DE3) pLysS cells in minimal medium containing 0.4% glucose and 0.1% 15 NH 4 Cl, as described previously (2, 23) . Each protein was purified from 1 liter of culture by anion exchange chromatography, using a Resource Q column (GE Healthcare) and a gradient of 0.1-1 M NaCl. The proteins were further purified by preparative gel filtration chromatography using a Superdex-75 16/60 column (GE Healthcare). Purified protein was concentrated to ϳ1.1 mM using Vivaspin centrifugal concentrators (3-kDa molecular weight cut-off) and dialyzed overnight into degassed buffer containing 50 mM potassium phosphate (pH 6.2) and 5 mM ␤-mercaptoethanol. 15 N/ 1 H heteronuclear single quantum coherence NMR spectra were collected at 25°C on 250-l samples supplemented with 10% D 2 O. The spectra were acquired using a Bruker Avance 600 MHz spectrometer equipped with a cryoprobe. The spectra were processed using NMRPipe (27) and visualized with Sparky (28) .
Fluorophore Labeling of Myotrophin-Recombinant myotrophin was labeled with Alexa Fluor 488 using the Alexa Fluor 488 microscale protein labeling kit (Invitrogen). In brief, prior to labeling, purified protein was dialyzed against phosphate buffered saline (pH 7.2). An aliquot (50 l) of dialyzed protein (1 mg/ml) was incubated with aqueous solution of reactive dye for 15 min at room temperature, and labeled protein was purified using supplied gel resin in a spin filter. The protein concentration and degree of labeling were measured using the company supplied protocol. Labeled wild type and mutant myotrophins were stored in aliquots at Ϫ20°C.
Preparation of Neonatal Rat Ventricular Myocyte-Neonatal myocytes were isolated and cultured on laminin-coated wells according to the procedure described by Sen et al. (4) . In brief, hearts from 3-day-old normal Wistar Kyoto rat pups were aseptically taken in DMEM/F-12 medium (Invitrogen). The ventricles were separated, minced, and incubated. Isolated myocytes were plated on laminin-coated wells (20 mg/35-mm well) at a density of 10 6 cells/35-mm well. For localization experiments, the cells were plated on a laminin-coated glass coverslip. On culture day 3 (or 4), the myocytes were incubated in DMEM/ F-12 medium alone and were used for the experiment. Throughout the experimental procedure, bromodeoxyuridine was used at a concentration of 0.1 mM/liter to inhibit the growth of cardiac fibroblasts. The myocyte population (ϳ80 -90% myocytes) was confirmed by ␣-actinin staining.
Cell Treatment-To study the effect of myotrophin (wild type or mutant) on myocyte growth, neonatal myocytes were treated with 40 nmol of recombinant myotrophin for 0 -16 h. To inhibit the activation of NF-B, the myocytes were pretreated with 100 M PDTC (10) . Following PDTC pretreatment, the cells were treated with recombinant myotrophin (wild type or mutant) for the desired period of time. For localization of myotrophin, Alexa 488-labeled myotrophin was used for cell treatment.
Measurement of Protein Synthesis-Total protein synthesis in myotrophin-treated myocytes was determined according to Sen et al. (4) . In brief, on culture day 3, neonatal rat ventricular myocytes were preincubated in serum-free DMEM/F-12 medium. 40 nmol of myotrophin was added, and the incubation was continued from 0 -16 h. 3 [H]Leucine (10 Ci) diluted in DMEM was added to each well, and the samples were incubated at 37°C. At the end of the incubation, the medium was removed by aspiration, and total cellular protein was extracted to measure the incorporation of 3 [H]leucine as described previously (4, 10) . At least three independent sets of experiments were performed.
Localization by Confocal Microscopy-After treatment of myocytes with Alexa 488-labeled myotrophin (wild type or mutant), cell fixation and permeabilization were performed according to the protocol of Rouet-Benzineb et al. (29) . The primary antibody was anti-p65 mouse monoclonal antibody, and the secondary antibody was Alexa 568 goat anti-mouse IgG (HL) conjugate. The Cells were mounted in Vectashield mounting medium containing DAPI. Fluorescence of Alexa 488-labeled myotrophin and NF-B-p65 staining was observed using a Leica TCS-SP-AOBS spectral laser scanning confocal microscope (Leica Microsystem) equipped with UV1364, two argon ion NA 1.4 (488 nm) lasers, and a krypton/argon ion laser (568 nm). A PlanApo 63ϫ oil immersion objective lens was used. To compare the staining patterns, images of Alexa 488 (green), Alexa 568 (red), and DAPI (blue) channels were merged to determine overlap in the staining patterns of labeled myotrophin, antibody to NF-B p65, and DAPI, respectively.
In Vitro Myotrophin and NF-B-p65 Interaction StudiesPure recombinant NF-B-p65 was obtained from Panomics (Fremont, CA) and was subjected to interaction with recombinant MBP-myotrophin (wild type/E33A) in equimolar (15 pmol) ratio by incubating with amylose resin (New England Biolabs Inc.) in binding buffer (20 mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) overnight at 4°C. The following day, the mixtures were centrifuged at 5000 ϫ g for 5 min, and the precipitates were washed three times with binding buffer. Laemmli sample buffer (Bio-Rad) was then added to the amylase-protein mixtures, resolved in SDS-PAGE, and immunoblotted with anti-NF-B-p65 monoclonal antibody (Santa Cruz Biotechnology) and with anti-v-1/ myotrophin monoclonal antibody (Transduction laboratories). Expression levels were also quantified with ImageJ software, and the obtained values were expressed in arbitrary units.
Electrophoretic Mobility Shift Assay (EMSA)-An EMSA was performed using a double-stranded NF-B oligonucleotide as a probe, as described previously (10) . The sequence of NF-B probe used in this study was 5Ј-AGT TGA GGG GAC TTT CCC AGG C-3Ј. Binding reaction was initiated using 10 g of nuclear extract made from untreated, wild type-treated, or E33A-mutant myotrophin-treated neonatal myocytes. Competition assays were performed using 100-fold molar excess of cold NF-B oligonucleotide. Supershift analysis was performed using anti-p65 antibody. EMSA profile obtained from three independent experiments was quantified with ImageJ software.
Transient Transfection and Luciferase Assay-Primary neonatal rat cardiomyocytes were transiently transfected with the 2X NF-B-Luc construct (10) by using Lipofectamin reagent (Invitrogen) according to the manufacturer's instructions. After transfection, the cells were washed in DMEM/F-12 medium for four times and maintained in serum-free medium with or without myotrophin (wild type and E33A), as indicated in the figure legend following the protocol of Gupta et al. (10) . Luciferase activity and normalization of the protein content of each extract were determined by using the Luciferase assay system (Promega) according to the manufacturer's protocol.
Determination of Cell Size-Images of rat ventricular myocytes treated for 72 h either with wild type or with E33A mutant myotrophin protein were acquired using a Leica DMR, upright wide field microscope, a 20ϫ objective, and a Retiga EXi CCD digital camera (Q-Imaging). Phase contrast images were taken from different fields in each slide, and cell area measurements were determined using ImagePro Plus 6.1 software.
Reverse Transcription-PCR Analysis of Atrial Natriuretic Factor (ANF) and ␤-Myosin Heavy Chain (␤-MHC) Gene
Expression-Myocytes treated either with wild type or with mutant myotrophin were scraped from culture plates at 4°C, and total RNA was isolated with a Qiagen RNeasy kit. Cloned avian myeloblastosis virus first strand cDNA synthesis kit (Invitrogen) was used to synthesize the first strand with oligo(dT) primer. For each sample, a total of 5 g of RNA was used. Synthesis of the second strand was performed in a BioRad iCycler by using gene-specific primers for ANF and ␤-MHC and the Roche Applied Science PCR core kit. A profile of gene expression was determined by analysis on a 1% agarose gel after equi-volume sample loading. Expression of glyceraldehyde-3-phosphate dehydrogenase was used as an internal control. Expression levels were quantified with ImageJ software, and the obtained values were expressed in arbitrary units.
Statistical Analysis-The results were expressed as values Ϯ S.E., and Student's t test was performed. The differences were considered significant at p Ͻ 0.05.
RESULTS
Internalization and Localization of Myotrophin-To localize myotrophin within cells and to follow its trafficking in myocytes after adding myotrophin to culture medium, we labeled myotrophin using Alexa Fluor-488. To verify that labeled myotrophin retained its biological activity, neonatal rat ventricular myocytes were incubated with both unlabeled recombinant myotrophin as well as Alexa 488-labeled myotrophin. We observed increased myocyte protein synthesis in the presence of unlabeled and Alexa 488-labeled myotrophin (69 and 71% over control, respectively), thus confirming that the fluorescent label did not interfere with myotrophin function.
We followed the localization of Alexa 488-labeled myotrophin movement after addition to medium. Initially, no myotrophin was observed inside the cell, whereas p65 localized to the cytoplasm (Fig. 1A) . After 5 min of incubation, myotrophin was internalized within myocytes and resided in the cytoplasm, with p65 (Fig. 1B) . The cytoplasmic localization of myotrophin and p65 continued for 10 min (Fig. 1C) . From 20 min through 16 h, however, both myotrophin and p65 were also found within the nucleus (Fig. 1, D-I) . Moreover, both the proteins co-localized in cytoplasm, particularly in perinuclear regions (Fig. 1, D 
-I, arrowheads).
Concomitant with the nuclear localization of myotrophin and p65, we measured an increase in protein synthesis. Protein synthesis in myocytes increased 17% over control after 30 min of myotrophin treatment. After 4 and 16 h, we measured an increase to 57 and 61% over control, respectively (Fig. 2) . When the nuclear translocation of p65 was blocked by pretreating cells with PDTC, an inhibitor of NF-B, both myotrophin and p65 remained in the cytoplasm (Fig. 3) , suggesting that the nuclear translocation of both proteins is coupled to NF-B activation.
Effect of Mutant Myotrophin on Myocyte Protein Synthesis and Effect of Mutation on Structural Integrity of the Protein-
The solution structure of myotrophin (2) is comparable with the crystal structure of the ANK repeats of 53BP2 (Fig. 4A) . The prominent hairpin loops in ANK repeats 1 and 2 of myotrophin, however, differ from their counterparts in 53BP2, although the proteins have overall structural similarities (2). In 53BP2, the loops are closely packed together through extensive backbone and side chain interactions. In myotrophin, only a few intra-tip contacts exist (23) . Considering that the hairpin loops may contribute to the functional specificity of myotrophin, we targeted them for mutagenesis to investigate their relationship to the biological activity of myotrophin. We selected several amino acids for site-specific mutation (Fig. 4, B-D) . We did not mutate leucine 32 in the first hairpin loop or histidine 67 or isoleucine 69 of the second hairpin loop, because these residues may pack against the helical core of the protein; mutation of these residues may thus lead to destabilization of the protein.
Similarly, glycines 34 and 35 were not mutated as these residues stabilize the conformation of the first hairpin loop (Fig. 4, C and  D) . A total of five sites were selected for mutation to alanine: glutamic acid 33 and arginine 36 on the first hairpin loop and aspartic acid 65, lysine 66, and histidine 68 on the second loop (Fig. 4, C and D) . These residues were replaced with alanine, and the mutants were generated and purified as MBP fusion proteins.
Neonatal rat ventricular myocytes were treated with MBP-fused mutant and wild type myotrophin proteins, and the increase in myocyte protein synthesis was quantified in terms of 3 [H]leucine incorporation. Myocytes treated with purified MBP were used as controls. Treatment with MBP-fused wild type myotrophin resulted in an increase in protein synthesis compared with cells treated with MBP alone (Fig. 5) . All mutants, except MBP-H68A, promoted less myocyte protein synthesis than wild type MBP-myotrophin (Fig. 5) . The E33A mutant, located on the first hairpin loop, exhibited the least stimulation of protein synthesis (6% increase over control; Fig. 5 ). The E33A mutant was cleaved from MBP by Factor Xa and used for further experiments.
Myocytes treated with purified E33A increased protein synthesis only 6% over control, whereas wild type myotrophin stimulated synthesis 65% over control after 16 h of treatment (Fig. 6A) . Myocytes treated simultaneously with wild type and E33A myotrophin, in 1:1 and 1:2 ratios, exhibited increased protein synthesis similar to cells treated with wild type myotrophin alone (data not shown), suggesting that the mutant had no dominant negative effect.
To verify that the E33A mutation does not destabilize or cause large scale structural perturbations to myotrophin, we collected nuclear magnetic resonance spectra from 15 N-labeled wild type myotrophin and myotrophin-E33A. 15 N/ 1 H heteronuclear single quantum coherence spectra from the two proteins (Fig. 6B ) are well dispersed and extremely similar, showing that the mutation does not cause myotrophin-E33A to be misfolded.
Internalization and Localization of Myotrophin E33A Mutant Protein-When myocytes were treated with Alexa 488-labeled wild type myotrophin or Alexa 488-labeled E33A for 5 min., the proteins were internalized within the cell and were observed in the cytoplasm (Fig. 7, A and B) . We also observed cytoplasmic localization of p65 at this time point (Fig. 7, C and D) . Both the E33A and p65 remain within the cytoplasm after 1 h of treatment (Fig. 7, F and H) , whereas wild type myotrophin and p65 localization are observed in both cytoplasm and nucleus after 1 h. (Fig. 7, E and G) . Co-localization of wild type myotrophin with p65 in the cytoplasm, particularly in the perinuclear region, was observed (Fig. 7, C and G) , but such co-localization was not evident in E33A-treated cells (Fig. 7, D and H) . When the cells were examined globally by confocal microscopy, both E33A and p65 remained in the cytoplasm, even after 16 h of treatment with Alexa 488-labeled E33A (data not shown).
Interaction of Mytrophin and NF-B-p65-In vitro interaction studies revealed that wild type myotrophin can physically
interact with NF-B-p65, whereas such kind of interaction was significantly reduced in the case of E33A (Fig. 8 ). An immunoblot profile with anti-V-1/Myotrophin monoclonal antibody showing the sample loading amount in both the cases. A significant reduction in interaction of E33A mutant with p65, compared with wild type (Fig. 8B ) myotrophin, indicated that Glu 33 plays an important role for co-localization and nuclear co-translocation of myotrophin and p65 to initiate the hypertrophy effect of myotrophin.
NF-B DNA Binding Activity in Wild type and E33A Mutant Myotrophin-treated Neonatal Rat Myocytes-To investigate myotrophin-driven NF-B activation, an EMSA using a radioactively labeled oligonucleotide containing the NF-B-binding sequence was performed. Nuclear extracts of myocytes treated with either wild type or E33A myotrophin for a period of 1 h were used for the binding assay. A shift in mobility of the oligonucleotide probe was observed using wild type myotrophin extracts, showing that NF-B activity was specifically stimulated. In contrast, extracts from E33A-treated exhibited substantially less mobility-shifted oligonucleotide, roughly corresponding to the decreased protein synthesis stimulated by this mutant (Fig. 9, A and B) . The specific binding of NF-B was confirmed by the addition of a 100-fold molar excess of unlabeled oligonucleotide, which abolished the binding. Antibody supershift confirmed that the shifted complex included p65. In the case of nuclear extract from untreated myocytes, we observed no NF-B binding to the probe (Fig. 9A) .
Furthermore, to determine the NF-B activity in the cells treated with wild type and E33A myotrophin, neonatal myocytes were grown in six-well plates, transiently transfected with 2ϫ NF-B-Luciferase reporter gene, serum-starved, and treated with myotrophin (wild type/E33A). Wild type myotrophin stimulated NF-B transcriptional activity by 3.2-fold (Fig.  9C) as measured by activation of the NF-B-Luc reporter gene. NF-B transcriptional activity was stimulated only by 1.4-fold when cells were treated with E33A myotrophin (Fig. 9C) .
Effect of Myotrophin E33A Mutant on Changes in Cell SizeAs a measure of hypertrophy, we quantitated the cell area of neonatal rat ventricular myocytes treated with either wild type or E33A myotrophin. Myocytes treated for 72 h with wild type myotrophin had an average area of 0.054 mm 2 compared with 0.028 mm 2 for untreated cells (Ͼ90% increase in surface area). The average cell area after treatment with E33A mutant protein was 0.034 mm 2 ( Fig. 10) , ϳ21% over untreated control.
Expression of Hypertrophic Marker Genes-To confirm the attenuation of myotrophin-induced hypertrophy by the E33A mutation, we carried out reverse transcription-PCR analysis to evaluate the expression of two hypertrophic marker genes. Levels of ANF and ␤-MHC mRNAs are correlated with an increase in hypertrophy (10, 25, 30, 31, 10 ). An up-regulation (8.1-fold) of ANF transcript levels (32,067 AU) was observed in cells treated with wild type myotrophin protein compared with that of untreated cells (3, 955 AU) . In contrast, in E33A-treated cells the transcript level increased only 3-fold (11,987 AU) relative to control (Fig. 11) . Observations were similar for the ␤-MHC transcript levels: a 1.6-fold increase was observed after wild type myotrophin treatment (31,653 AU), but no increase was found after E33A treatment (the values obtained were 20,356 AU and 19,569 AU in E33A-treated and untreated control, respectively) (Fig. 11) .
DISCUSSION
The 12-kDa ANK-repeat protein myotrophin is a potent stimulator of cardiac myocyte growth (4) . Myotrophin plays an important role in the pathogenesis of cardiac hypertrophy as described by Mukherjee et al. (30) . Treatment of myocytes with myotrophin results in a dose-dependent increase in cell size, which is in turn associated with reorganization of myofibrils, induction of early response genes, and enhancement of cardiac gene expression (4) . Preliminary studies by Sil et al. (32) and Anderson et al. (33) predicted that myotrophin may stimulate myocytes and initiate the hypertrophic process through a receptor-mediated active process when added exogenously in cultured neonatal rat ventricular myocytes. Our data showed that myotrophin is indeed internalized after exogenous addition to cultured neonatal rat ventricular myocytes (Fig. 1, A-C) . The internalized myotrophin eventually translocates into the nucleus (Fig. 1, D-I) accompanied by elevation in protein synthesis (Fig. 2) . This suggests that nuclear import of myotrophin after internalization is necessary for initiation of hypertrophic mechanisms.
From the present study it is evident that the nuclear import of myotrophin, at the very least, is linked to contemporaneous NF-B nuclear import and activation. The involvement of NF-B activation in cardiac hypertrophy has been established in spontaneously hypertensive rats (34) and in hypertrophic growth of cardiomyocytes (35) . We previously reported that myotrophin stimulates the nuclear translocation of NF-B and activates hypertrophy marker genes (10) . Furthermore, we showed that NF-B is activated at the initiation phase of hypertrophy in myotrophin-overexpressing transgenic mice and that activation is more pronounced at the end stage of heart failure (13) . In the present study we have shown that, on a cellular level, p65 initially resides in the cytoplasm with myotrophin (Fig. 1, A-C) but co-translocates into the nucleus with myotrophin thereafter (Fig. 1, D-I) . The co-translocation of both proteins results in an increase in protein synthesis (Fig. 2) . We observed limited co-localization of myotrophin and p65 within the cytoplasm, particularly at the nuclear periphery (Fig.  1, D--I) . In accordance with the findings of Knuefermann et al. (16) , this co-localization is consistent with a direct, if perhaps transient, interaction between myotrophin and p65 that was confirmed by the in vitro physical interaction of myotrophin with NF-B-p65 (Fig. 8) . Moreover, co-localization was not evident inside the nucleus, suggesting that myotrophin may interact with p65 only prior to, and as a precondition for, nuclear import. Inhibition of nuclear translocation of p65 by pretreatment with PDTC, a known inhibitor of NF-B, prevents nuclear import of both proteins (Fig. 3) . Therefore, activation of NF-B-p65 is one of the essential step for nuclear import of myotrophin. Once imported, myotrophin and p65 individually perform nuclear functions that converge to hypertrophic effect.
Structure-based mutagenesis of myotrophin emphasizes the functional connections between putative protein-protein interaction sites on myotrophin, nuclear import, NF-B activation, and hypertrophic processes. The two myotrophin ankyrin repeats, ANK1 and ANK2 (residues 28 -60 and 61-93, respectively), contain two hairpin loops that resemble ANK2 and ANK3 of 53BP2, which interacts with p53 (26) and induces apoptosis (36) . However, the detailed structures and sequences of the hairpin loops differ in the two proteins (Fig. 4) . The two loops of myotrophin were previously reported to be involved in control of actin polymerization through binding to the actin capping protein (9) . We found that mutations in the loops resulted in suppression of myotrophin-driven increase in protein synthesis (Fig. 5) . The E33A mutation had the maximal effect in this regard (Fig. 6A) without altering the structural integrity of the protein (Fig. 6B) , confirming that the phenotype of E33A is due to site-specific effects of the mutation. The E33A mutant was internalized into the cell but failed to translocate into the nucleus or to promote nuclear translocation of p65 (Fig. 7) . EMSA results and NF-B-Luc activity confirmed the suppression of NF-B activation by E33A (Fig. 9) . E33A-treated neonatal rat ventricular myocytes did not increase in cell area, unlike myocytes treated with wild type myotrophin (Fig. 10) . Furthermore, the transcript levels of two hypertrophic marker genes (10, 30, 31) , ANF and ␤-MHC, were significantly lower in E33A mutant-treated cells than in cells treated with wild type myotrophin (Fig. 11) . These data all point to the inability of E33A to induce hypertrophy. It is likely that the other loop mutants that exhibit reduced stimulation of myocyte protein synthesis will behave similarly to E33A with respect to nuclear translocation, activation of NF-B, and myocyte growth.
Myotrophin is thought to directly interact with p65 for induction of p65-p65 dimerization and dissociation of the inactive p65-p50 heterodimer during myotrophin-driven NF-B activation (9) . The increased ratio of p65-p65 homodimer determines the level of NF-B targeted gene expression (37, 38) . Our data show that mutations in the hairpin loops at Glu 33 of myotrophin do not affect cellular uptake but significantly diminish the physical interaction between myotrophin and NF-B-p65 (Fig. 8) , suggesting that the loops are not involved in interactions between myotrophin and a putative receptor or elements of the internalization machinery. However, the integrity of the loops is critical for all the post-internalization roles of myotrophin, that is, promotion of nuclear import of both myotrophin itself and NF-B-p65 that leads to myocyte growth. Inhibiting nuclear import of p65 blocks the nuclear translocation of myotrophin. On the other hand, upon mutation of the hairpin loop of myotrophin, both myotrophin and p65 failed to translocate into nucleus. Knuefermann et al. (16) reported that myotrophin interacts and remained associated with p65 to prevent the reassociation of NF-B proteins during sustained activation of NF-B. Our in vitro interaction studies revealed that Glu 33 is important for the physical interaction of myotrophin and p65 (Fig. 8) . Therefore, the E33A mutant showed attenuation of NF-B activation, leading to a reduced hypertrophy . NF-B-p65 co-localized (arrowheads) with Alexa 568-conjugated antibody (red) as described in the legend to Fig. 1 and in the text. After 5 min of stimulation, both the wild type (A) and E33A (B) myotrophin were observed in the cytoplasm along with p65 (C and D). After 1 h of treatment, wild type myotrophin co-translocated into the nucleus with p65 (E and G), whereas both E33A and p65 failed to co-translocate (F and H). The nuclei were stained with DAPI (blue). Immunoblotting for myotrophin as loading control (lower panel). B, band intensity for immunoblotting. NF-B-p65 from three independent experiments was quantified using ImageJ software and expressed in arbitrary units.
effect. Understanding the roles of other NF-B family members in this interaction and subsequent activation of the cascade will require further elaborate investigation. To date, all these data suggest that the hairpin loop of myotrophin is involved in activation of NF-B; once activated by myotrophin, NF-B-p65 may function as a nuclear transport factor for myotrophin translocation. In this capacity, p65 could play a role comparable with that of importin ␤-1, which is responsible for nuclear translocation of calcineurin (40) . Down-regulation of NF-B-p65 nuclear translocation in the E33A mutant leading to attenuation of myocyte growth is similar to attenuation of angiotensin II-induced cardiomyocyte hypertrophy by down-regulation of NF-B-p65 nuclear import driven by focal adhesion kinase-related nonkinase (41) . Apart from Glu The expression of NF-B target genes depends not only on the activity of NF-B itself but also on other factors that interact with NF-B (13) . In this context, one possibility is that myotrophin modulates transcription as a cofactor, similar to the cardiac ankyrin repeat protein (39) during hypertrophy and its progression to heart failure. The presence of calcineurin in the nucleus is important for full NF-AT (nuclear factor of activated T cells) transcriptional activity. When the nuclear entry of calcineurin is blocked, development of myocardial hypertrophy can be prevented (40) . Similarly, we hypothesize that an agent that binds and block the hairpin loops of myotrophin or specific residues like Glu 33 would attenuate myotrophin-induced cardiomyocyte hypertrophy. Myotrophin-induced cardiac hypertrophy can be partially regressed by silencing the NF-B cascade using a short hairpin RNA against NF-B-p65 (13) , but an inhibitor that binds to myotrophin might be more effective.
Taken together, our data showed that nuclear co-translocation of myotrophin and p65 is an essential step for myotrophininduced, NF-B-mediated myocyte growth. The residues of hairpin loop (such as Glu 33 ) of myotrophin regulate the cross- . NF-B activation in wild type and E33A myotrophin-treated neonatal rat ventricular myocytes. A, nuclear protein was extracted from control (no stimulation), wild type (WT), and E33A myotrophin-treated neonatal rat ventricular myocytes. Binding reactions were performed with NF-B oligonucleotide labeled with [ 32 P]dATP. The complex formation was competed with100-fold molar excess of unlabeled NF-B oligonucleotide. The complex formation was confirmed by supershift analysis using p65 antibody. NE, nuclear extract. B, quantification of electrophoretic mobility shift assay using ImageJ software. The values obtained from three independent experiments are expressed as arbitrary units for 10 g/nuclear extract (p Ͻ 0.001). C, primary neonatal rat myocytes were transfected with 2ϫ NF-B-Luc reporter plasmid (1 g/well) and treated with 40 nM myotrophin (wild type E33A) for 24 h or left untreated. The cells were also transfected with empty vector. After harvesting the cells, Luciferase activity was determined and normalized to the protein content of each extract. Luciferase activity expressed by cells transfected with empty vector was given an arbitrary value of 1. The results are presented as the means Ϯ S.E. and represent three individual experiments. talk between myotrophin and p65. Thus inhibition of this association will enable researchers to develop a therapeutic strategy to prevent myotrophin-induced myocyte growth and cardiac hypertrophy.
